Inflammation has now been recognized as an important hallmark of cancer 1,2 . Inflammatory cells, and in particular myeloid-derived suppressor cells (MDSCs), promote tumor development, angiogenesis and metastasis 3, 4 . MDSCs are a heterogeneous population of bone marrow-derived immature myeloid cells (IMCs). In healthy individuals, IMCs consist of myeloid progenitors and precursors of macrophages, dendritic cells and granulocytes 5, 6 . In cancer, soluble cytokines such as granulocyte macrophage colony stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), interleukin-13 (IL-13), interleukin-4 and interferon-γ are secreted into the tumor microenvironment. These factors induce a partial differentiation of IMCs, which results in the proliferation and activation of MDSCs 6,7 . Myeloid cells make up to ~40% of the tumor mass in several cancers, and recent studies show up to a ten-fold increase in MDSCs in the peripheral blood, and a correlation between high levels of MDSCs and tumor burden 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] . The pro-tumorigenic role of MDSCs is mediated by their ability to suppress several aspects of the host immune response, and most notably by their ability to inhibit T-cell proliferation and function 5, 11 . Immunotherapeutic strategies that target MDSCs and block their expansion and activation are therefore emerging [17] [18] [19] [20] . MDSCs act via different mechanisms, including production of high levels of reactive oxygen species, induction of regulatory T-cells, and depletion of cysteine. Additionally, similarly to M2-type macrophages 21, 22 , MDSCs up-regulate the expression of arginase (ARG) 11, [23] [24] [25] , and a subset of MDSCs, the mononuclear MDSCs that represent ~30% of the population, also expresses elevated levels of the enzyme inducible nitric oxide synthase (iNOS) 3, 26 . Both ARG and iNOS deplete L-arginine from the tumor microenvironment by catalyzing the hydrolysis of L-arginine into L-ornithine and urea, or into L-citrulline and nitric oxide, respectively 6 . Amongst the aforementioned factors secreted by the tumor, IL-13 is one of the key factors inducing ARG activity in MDSCs 7, 27 . Because T-cells require arginine for their proliferation, the decreased level of L-arginine plays a central role in T-cell inhibition. Probing
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Magnetic resonance imaging (MRI) approaches that specifically image MDSCs and their response to immunotherapy have been limited. One study, performed in a model of murine breast carcinoma, detected MDSCs in vivo using perfluorocarbon (PFC)-based 19 F MRI 28 . However, this approach is unable to probe cell function. 13 C magnetic resonance spectroscopy ( 13 C-MRS) and spectroscopic imaging (MRSI) inform on real-time metabolic fluxes by probing conversion of exogenous 13 C-labeled substrates. Dissolution dynamic nuclear polarization (DNP) offers the unique ability to hyperpolarize and dissolve 13 C-labeled compounds in solution, enabling more than 10,000-fold enhancement in the signal to noise ratio (SNR) of labeled substrates and their metabolic products compared to thermally polarized compounds 29 . To achieve the improved SNR, hyperpolarization requires that the 13 C-labeled compound be mixed with a free radical and placed at low temperature (< 2K) and at high magnetic field (~3-5T). Microwave irradiation then saturates the electron spin resonance and polarization is transferred from the radical electron to the labeled nucleus 29, 30 . Hyperpolarized agents are characterized by their polarization enhancement, which represents the efficiency of the DNP method at increasing the SNR. Hyperpolarized agents are also characterized by their lifetime, or the longitudinal T 1 relaxation time of the polarized carbon, which determines how fast the polarization is lost after dissolution. Hyperpolarized lifetimes depend on the chemical structure and labeling position of the compound, and are typically less than a minute 29, 30 . In the case of carbonyl-labeled probes, which are the most commonly labeled, the T 1 is dominated by chemical shift anisotropy (CSA) and therefore benefits from lower magnetic field strengths such as those used in the clinic (1.5-3 Tesla) and for which the CSA is reduced (CSA-α B 0 2 ) and the T 1 is longer [31] [32] [33] [34] [35] . Over the past decade, several hyperpolarized 13 C probes have been developed and applied to the imaging of normal and diseased tissue 30, 36 . The most common probe, hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-pyruvate, has been widely used in cell and animal models of cancer, wherein elevated production of hyperpolarized [1- 13 C]-lactate can serve to detect the presence of tumor cells, and a drop in hyperpolarized [1- 13 C]-lactate is associated with response to treatment 30, [37] [38] [39] [40] . Hyperpolarized [1-13 C]-pyruvate has also been applied to the study of other diseases [41] [42] [43] [44] [45] [46] [47] . In addition, the first-in-human study performed on prostate cancer patients at the University of California, San Francisco, confirmed the potential of this imaging method in the clinic 48 . Interestingly, recent studies have also shown that elevated levels of hyperpolarized [ 
Results

Characterization of hyperpolarized [6-
13 C]-arginine. To validate the hypothesis that hyperpolarized [6-13 C]-arginine can serve as an imaging probe for MDSC activity and function, we first determined the enhancement in polarization that can be achieved for this new probe, and its longitudinal relaxation time T 1 . Following dissolution, the resonance of [6- 13 C]-arginine was detected (δ [6-13C] -arginine = 159.7 ppm) and a polarization enhancement of 5018 ± 412 fold was observed at 37 °C at 11.7 Tesla when compared to the thermal equilibrium spectrum (Fig. 1A) . The resonance of [1- 13 C]-arginine (δ [1-13C] -arginine = 177.1 ppm, originating from 1.1% 13 C natural abundance at the C1 position) was also detected. Additionally, at 11.7 Tesla, a resonance at 165.5 ppm, which corresponds to the resonance of [ 13 C]-urea, was also observed and could originate from 1.1% 13 C natural abundance of a urea contaminant (Fig. 1B) . The T 1 values of all detected resonances were measured in solution at 11.7 and at 3 Tesla and are reported in Table 1 . The data show that the T 1 of hyperpolarized [6] [7] [8] [9] [10] [11] [12] [13] C]-arginine was comparable at 3 Tesla and 11.7 Tesla (9.9 ± 0.1 s at 11.7 Tesla and 12.3 ± 0.8 s at 3 Tesla).
Hyperpolarized [6-
13 C]-arginine as an imaging probe for arginine metabolism. Next it was necessary to confirm that conversion of arginine into its metabolic products can be detected ( Fig. 2A ). To this end, different concentrations of ARG (0, 300, 667, 1334, 2000 U/L), the enzyme that catalyzes the conversion of arginine into urea and ornithine, were exposed to hyperpolarized [6-13 C]-arginine, and dynamic 13 C spectra were acquired every 3 seconds.
To correct for the contaminant signal detected at 165.5 ppm in the arginine solution, a mono-exponential decay curve depending on the flip angle and on the hyperpolarized 13 C-contaminant T 1 measured previously in solution (24.6 ± 1.9 s at 11.7 Tesla) was subtracted from all hyperpolarized 13 C dynamic datasets. As illustrated in 13 C]-urea at 165.5 ppm with a maximum at 16.5 ± 4.5 s post maximum arginine signal was observed when ARG concentration was at or above 300 U/L (Fig. 3A) . Furthermore, the hyperpolarized [ 3B ). Continued production of urea was confirmed in thermal equilibrium 13 C spectra acquired after the end of the hyperpolarized study. These data also showed a linear increase of the Studies of MDSCs. We next examined arginine metabolism using 13 C MRS and hyperpolarized [6- To further confirm that IL13 treatment had effectively converted BM cells into MDSCs and up-regulated ARG production, and that the concentration of ARG in the growth medium was below detection by our hyperpolarized method, spectrophotometric assays were performed on MDSCs, control BM cells, and samples of growth media exposed to cells. Assays confirmed a significant increase in intracellular ARG in activated MDSCs (576 ± 67 U/L in MDSCs versus 256 ± 59 U/L in control BM cells, p-value = 0.004, Fig. 4D ). Extracellular ARG concentrations were much lower and well below the ~300 U/L level shown to be detectable in our enzyme studies. More ARG was observed in the extracellular medium of MDSCs compared to control BM cells, but the difference did not reach statistical significance (7 ± 1 U/L in control BM cells medium versus 24 ± 12 U/L in MDSC medium, p-value = 0.13, Fig. 4D ). These results showed that the hyperpolarized method was able to detect the up-regulation of ARG expression that occurs in activated MDSCs.
Discussion
The goal of our study was to assess the value of hyperpolarized arginine as a probe to monitor ARG activity and, as such, to develop a novel method for detection of active MDSCs, which increase their expression of ARG to mediate T-cell inhibition and cancer immune evasion. To this end we used arginine labeled on the guanidino group [6-13 C]. Hyperpolarized agents are most commonly labeled on the carbonyl group [31] [32] [33] [34] [35] . However, here, labeling of arginine on the carbonyl group would result in a chemical shift difference of only 0.2 ppm between the resonances of arginine (δ [1-13C] -arginine = 177.1 ppm) and its ARG-mediated metabolic product ornithine (δ [13C]-ornithine = 176.9 ppm) or its iNOS-mediated metabolic product citrulline (δ [1-13C] -citrulline = 177.3 ppm). Labeling of the carbonyl group would therefore not provide the necessary spectral resolution to separate substrate and products. Similar considerations would hold for any of the protonated carbons of the arginine molecule, in addition to very short T 1 values due to the presence of attached protons, as previously discussed 30, 36, 50 . In contrast, labeling the guanidino position provides adequate separation between the resonances of arginine (δ [6-13C] -arginine = 159.7 ppm) and its ARG-mediated metabolic product urea (δ [13C]-urea = 165.5 ppm). Labeling of the guanidino group could also enable detection of iNOS activity, the enzyme up-regulated by mononuclear MDSCs and that would lead to the conversion of hyperpolarized arginine into citrulline (δ [6-13C] -citrulline = 164.2 ppm).
We showed that [6-13 C]-arginine could be successfully polarized. An SNR enhancement of ~5000 fold at the time of acquisition was observed, allowing rapid detection of our hyperpolarized 13 C-labeled probe, the 13 C natural abundance of the carbonyl, and the production of urea by ARG. The longitudinal relaxation time T 1 of this new probe was found to be relatively short (T 1 = 9.9 ± 0.1 s at 11.7 Tesla) as compared to other probes and most notably the extensively used pyruvate probe (~48 s at 11.7 Tesla) 30, 36, 50 . The T 1 of the guanidino carbon is probably strongly affected by the quadrupolar relaxation that results from the strong scalar interaction with the three surrounding 14 N atoms. In urea, this relaxation mechanism was shown to lead to a strong decrease in T 1 during sample transfer through low field between the polarizer and the MR scanner 51 . A similar phenomenon is likely occurring here. Importantly, because the magnitude of this effect could not be easily estimated, it was not possible for us to back-calculate the polarization level to the time of dissolution (and prior to transfer through low field), as has been reported for other probes 30 . The T 1 of our guanidino-labeled probe also showed little dependence on magnetic field (T 1 = 9.9 ± 0.1 s and 12.3 ± 0.8 at 11.7 and 3 Tesla respectively in solution at 37°). This is in contrast to several other probes labeled at the carbonyl carbon for which the T 1 is longer at lower field strengths, dihydroascorbate (T 1~5 6 s at 3 Tesla and ~21 s at 11.7 Tesla), alanine (T 1~4 2 s at 3 Tesla and ~29 s at 9.4 Tesla), alpha-ketoglutarate (T 1~5 2 s at 3 Tesla and ~19 s at 11.7 Tesla) [32] [33] [34] [35] or [1-
13
C]-arginine (T 1 = 24.8 ± 3.9 s at 3 Tesla and 13.4 ± 0.9 s at 11.7 Tesla as determined in this study).
Our studies investigated BM cells treated with the stimulating factors GM-CSF, G-CSF, and IL-13 previously reported to accurately model MDSCs and control BM cells 7, 27, 52 . Following in vitro injection of hyperpolarized [6- 13 C]-arginine, we measured the urea-to-arginine AUC ratio. This provided us with a simple, assumption-free and model-free method to study the ARG reaction 53 . We found that a build-up of hyperpolarized [ observed in IL13-treated MDSCs, but not in control BM cells, in line with the previously reported enhanced expression of ARG in MDSCs as compared to controls 7, 27, 52 . However, we were not able to detect production of [
13 C]-urea in the extracellular medium that had been exposed to MDSCs. MDSCs can deplete the arginine pool that is required for T-cell activity by secreting arginase into the extracellular space and/or by taking up arginine and breaking it down within the cell 54, 55 . A recent study in murine MDSCs showed an increase in CAT-2B, the arginine transporter 54 . Accordingly, and consistent with our findings, we would expect a significant amount of arginine to be rapidly taken up and metabolized by intracellular ARG in our murine MDSCs. Importantly, ARG present in the intracellular compartment would remain concentrated. In contrast, any ARG released from our MDSCs into the large volume of cell culture medium would be greatly diluted, and thus its concentration could be below detection using hyperpolarized [6- 13 C]-arginine, as indicated by our studies. When considering studies in humans, it is important to note that human MDSCs do not overexpress CAT-2B, suggesting that the majority of ARG is released from human MDSCs into the extracellular space resulting in elevated levels of ARG within the tumor microenvironment 54 . This would likely accelerate hyperpolarized [6- ) could increase the complexity of the spectrum and limit the improvement in SNR. Transporting of hyperpolarized arginine in a magnetic carrier, which has been shown to decrease the quadrupolar relaxation effect for hyperpolarized [ 13 C]-urea, could also be considered 57 . Another approach would consist in extending the T 1 through deuteration as previously demonstrated in other molecules 58 . Additionally, the dose of arginine injected in vivo should be maximized. Fortunately, arginine is a semi-essential amino acid commonly used as a supplement, and a recent study recommended arginine intake up to 20 g per day 59 . Injection of elevated concentrations of hyperpolarized [6-13 C]-arginine can therefore be safely considered and could result in rapid production of detectable levels of hyperpolarized [
13 C]-urea in the tumor microenvironment. Optimized pulse sequences could also be implemented to increase the SNR of [ 13 C]-urea. For instance, a multiband pulse sequence that applies a small flip angle to [6] [7] [8] [9] [10] [11] [12] [13] C]-arginine to preserve its magnetization while a larger flip angle is applied to [ 13 C]-urea to increase its SNR, would improve the likelihood of detecting metabolism 60 . The use of an automated pump for rapid injection of hyperpolarized [6- 13 C]-arginine after dissolution with limited transfer through low field 61 , could also improve the likelihood of detecting ARG activity. Finally, polarization levels could be increased using the SpinLab clinical polarizer 62, 63 , which has a higher field strength and lower temperature, and has been shown to enhance the polarization level of other agents 64 .
In conclusion, we report here, for the first time, the use of a hyperpolarized 13 C MRS probe to specifically monitor the function of MDSCs in vitro. MDSCs play a major role in cancer by promoting tumor immune evasion through inhibition of T-cell proliferation and anti-tumoral activity 1, 5, 65, 66 . Additional optimization approaches are required before in vivo translation of this probe. Nonetheless, if successful, this probe could provide a novel non-invasive imaging method for monitoring MDSC activity to inform on the role of MDSCs in tumor development and their inhibition by emerging MDSC-targeted immunotherapies [17] [18] [19] [20] . This probe could also be useful in inflammatory diseases to monitor the modulation of macrophage phenotype in response to anti-inflammatory therapies 21, 22, 67 . 1.4 K, 94.067 GHz) and subsequently rapidly dissolved in a Tris-based buffer (40 mM Tris, 3 μ M Na 2 EDTA, pH ~7.8) to yield ~50 mM solutions of hyperpolarized [6] [7] [8] [9] [10] [11] [12] [13] C]-arginine as previously described for other probes 29, 30 . Relaxation time and polarization levels. Following dissolution, hyperpolarized [6] [7] [8] [9] [10] [11] [12] [13] C]-arginine was placed either in a 10 mm NMR tube (number of repeats (n) = 3, 11.7 Tesla INOVA spectrometer, Agilent Technologies, USA) or in a 5 mL syringe (n = 2, 3 Tesla clinical scanner, GE Healthcare, USA). Dynamic 13 C spectra were acquired using a non-localized single pulse (parameters at 11.7 Tesla: TR = 3 s, flip angle (FA) = 10 degree, number of transients (NT) = 50, spectra width (SW) = 20 kHz, 20000 points, 10 mm broadband probe; parameters at 3 Tesla: TR = 2 s, FA = 15 degree, NT = 60, SW = 5 kHz, 2048 points, dual 1 H/ 13 C volume coil). T 1 of hyperpolarized [6- 13 C]-arginine (δ [6-13C] -arginine = 159.7 ppm), [1-13 C]-arginine (δ [1-13C] -arginine = 177.1 ppm) and 13 C-contaminant present in the mixture (δ 13C-contaminant = 165.5 ppm) were determined by quantifying the area under the peak, correcting for flip angle, and fitting the signal decay curve to a mono-exponential. Following total decay of the hyperpolarized signal, a thermal equilibrium spectrum was acquired at 11.7 Tesla using FA = 90 degree, TR = 80 s, NT = 16 and other acquisition parameters identical to the ones mentioned above (n = 3). The level of polarization in solution was calculated by comparing the signal on the first hyperpolarized spectrum of the dynamic data set to the corresponding signal in the thermal equilibrium spectrum after correction for flip angle and number of transients.
Material and Methods
In vitro enzyme experiments using hyperpolarized 13 Cell model: MDSC generation from bone marrow cells. All animal research was approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco. All experiments were performed in accordance with relevant guidelines and regulations. MDSCs were generated essentially as previously described 7, 27, 52 . Briefly, Balb/c mice (n = 10 per group and per experiment, 6 weeks old; The Jackson Laboratory, USA) were used in this study. Red blood cell-depleted BM cells were isolated and cultured in 6-well plates under standard conditions (37 °C humidified atmosphere at 5% CO 2 and 95% air) in high-glucose DMEM (Mediatech Inc., USA) supplemented with 10% heat-inactivated fetal bovine serum (Mediatech Inc., USA), 100 U/mL penicillin and 100 mg/mL streptomycin (UCSF Cell Culture Facility). Cells were separated into two groups (10 plates per group): control BM cells and MDSCs. On days 0, 4 and 9, granulocyte colony-stimulating factor (G-CSF, 0.1 μ g/mL, Shenandoah Biotechnology Inc., USA) and granulocyte macrophage colony-stimulating factor (GM-CSF, 250 U/mL, R&D Systems, USA) were added to both cell groups culture media. On day 4 and 9, IL13 (80 ng/mL, Preprotech, USA) was added to MDSCs only. On day 10, cells and growth media were collected to perform hyperpolarized 13 C MR studies. Cells were counted for data normalization. For each group, media and cells samples were reserved for spectrophotometric assay.
Hyperpolarized
13
C MR studies using cell suspensions. Cells from all the culture wells except one were collected (total of 1.9 ± 0.8 × 10
7 MDSCs (n = 3) or control BM cells (n = 4)). For each group, (1) cells in 500 μ L of their growth culture media (n = 3/4 MDSCs/control BM cells) and (2) 500 μ L of growth medium exposed to cells (n = 5 MDSCs/control BM cells) were placed in a 10 mm NMR tube at 37 °C to assess the intra-and extracellular ARG activity respectively. Within ~18 seconds following dissolution, 3 mL of hyperpolarized [6] [7] [8] [9] [10] [11] [12] [13] C]-arginine was injected into the NMR tube. Dynamic and thermal equilibrium 13 C spectra were then acquired as described above for the hyperpolarized 13 C MR enzyme studies.
MR data analysis.
Following phase correction and baseline subtraction, spectra were quantified by peak integration using MestRenova (Mestrelab Research S.L., Spain). For dynamic acquisitions, [ 13 C]-urea integrals were then normalized to the area-under-the-curve (AUC) of hyperpolarized [6- 13 C]-arginine. A mono-exponential decay curve that depends both on hyperpolarized 13 C-contaminant T 1 and flip angle was then subtracted from hyperpolarized Spectrophotometric enzyme assay. At day 10 MDSCs/control BM cells (5.8 ± 2.3 × 10 5 cells, n = 3 per group) from one culture well not used for hyperpolarized studies were lysed in 2 μ L of 10 mM Tris-HCl buffer containing 0.4% (w/v) Triton X-100 (Sigma-Aldrich, USA) and 0.5 μ L/mL protease inhibitor cocktail (Calbiochem, USA). Lysates were centrifuged at 14,000 r.p.m. for 10 min at 4 °C. ARG concentration was then measured in MDSC/control BM cell lysates and their growth media (n = 3 per group) using the QuantiChrome TM arginase assay detection kit (DARG-200, BioAssays Systems, USA) following manufacturer instructions. Optical density was determined at 430 nm using an Infinite 300 m200 spectrophotometer (Tecan Systems, Inc., USA). ARG concentration in NMR tube at the time of hyperpolarized experiments was back calculated from the assays.
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Statistical analysis. All results are expressed as mean ± s.d. To determine the statistical significance of differences, an unpaired two-tailed Student's t-test with unequal variance was used, with a p-value < 0.05 considered as significant.
